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ABSTRACT
This research was undertaken to elucidate the chemical 
composition of the unresolved complex mixture (UCM) found in 
heavily biodegraded crude oils. The isolation of total 
hydrocarbons fraction by alumina column chromatography of the 
deasphalted, biodegraded crude oil (West Sak, from the 
Shublich formation, Alaska), was subjected to a variety of 
techniques, including chromatographic methods such as column 
chromatography and TLC to obtain aliphatic and aromatic 
sub-fractions. Molecular inclusion techniques such as urea, 
thiourea adduction and 13X molecular sieving were applied to 
gain some general indication on the UCM component sizes and 
the distribution of cyclic components, which was also aided by 
elemental ■ analysis. All fractions obtained by the above- 
mentioned methods were analysed by gas chromatography (GC) and 
some by combined gas chromatography-mass spectrometry (GC-MS). 
Chemical oxidative degradation using chromic acid was employed 
to derive more specific structural data on the various units 
present in the UCM. The chemical oxidation products obtained 
were analysed by GC and GC-MS as full methyl esters. 
Spectroscopic/spectrometric techniques such as FT-IR, FT-NMR 
(^H, ^^C), UV, EI-MS and CI-MS were also employed to elucidate 
the general chemical nature of the UCM components.
It is apparent from NMR and IR studies that the UCM is mainly 
aliphatic (ca. 90%) and comprises a significant proportion of
cyclic systems with probably up to four and five fused rings. 
In contrast, TLC resulted in a ca. 50:50 mixture between
aliphatic and aromatic components in the UCM. An average
empirical formula of C^Hy was obtained from the elemental
analysis implying that mixture of di- and tri-cyclic 
components are present in the UCM. Quantification data of the 
adducted UCM by urea (ca. 5 0 i 2 5 % )  reflected the presence of a 
significant proportion of branched/cyclic systems with n-alkyl 
chains attached at one end. With thiourea, it was found that 
ca. 65% of the UCM was confined to the thiourea adduct, 
suggesting that branched and/or cyclic structures with sizes 
up to four fused rings are important contributors to the UCM 
structure. Aliphatic/aromatic class fractionation with 13X 
molecular sieve indicated that ca. 70% of the UCM components 
are aliphatic and ca. 30% are aromatic. Oxidation product
data suggested that cyclic systems present are substituted 
with alkyl chains. The maximum n-alkyl chains would appear 
not to exceed C 2 Q in length and their frequency distribution 
seems to maximise around C^g. Molecular ion information was 
not obtained from EI-MS and CI-MS, although evidence was 
obtained to support a predominantly aliphatic mixed 
cyclic/acyclic composition.
1. INTRODUCTION
The evolution of crude oil, its composition, and the relation 
between hydrocarbons which are present in crude oils and their
biogenic origin has been the subject of interest over the
years. The development of new techniques, such as gas
chromatography-mass spectrometry (GC-MS), has promoted these 
investigations, for example the use of specific molecules for 
assessing thermal maturity and sources of crude oils (Mackenzie 
et a l ., 1981, 1982), and assessment of environmental pollution 
by hydrocarbons (Brassell and Eglinton, 1980).
Petroleum is believed to be generated from disseminated organic 
matter (kerogen) in suitable source rocks as a consequence of 
its thermal evolution. Since kerogen represents over 90% of 
the organic matter in sedimentary rocks (Fig. 1), and because 
of its critical bearing on both gas and oil potential and the 
source rock potential of the sediments, it has been subjected 
to different types of physical and chemical analyses. For 
instance, it was observed by elemental analysis that carbon, 
hydrogen and oxygen are the main atomic constituents of all 
types of kerogens taken from various basins, with lesser 
amounts of nitrogen and sulphur. The amounts of the three 
major atomic constituents (carbon, hydrogen and oxygen) were 
found to be significantly affected by increasing depth. 
Laplante (1974) monitored the change in the content of C, H,
and 0  with increasing depth for kerogens taken from several
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FIG. 1 : Composition of disseminated organic matter
in ancient sedimentary rocks (after: Tissot and Uelte, 
1978).
Gulf Coast wells and one from South Pecan Lake by plotting the 
weight % of C, H and 0 against depth (Fig. 2), which showed a 
systematic increase in the carbon content from about 6 8 % at 
4,000 ft to 82% at 15,000 ft. This carbon increase is balanced 
by a decrease in the oxygen content, while the hydrogen content 
increases down to about 1 0 , 0 0 0  ft and then decreases. 
Laplante suggested that the hydrogen content of the kerogen 
decreased because it was being used to make the hydrogen-rich 
hydrocarbons of the bitumen fraction.
Another important graphical representation was a plot of H/C 
ratio versus 0/C ratio used by Tissot et a l . (1974) using the 
atomic % data of C, H and 0 of kerogens taken from various 
basins at different depths (Fig. 3), showing that kerogens from 
the same formation are crowded along a curve called the 
"evolution path" or diagenetic track. It was then suggested by 
Tissot (1974) that different organic matter follows different 
paths, depending on its original elemental composition.
Spectroscopic techniques, such as infrared (IR) and nuclear 
magnetic resonance (NMR) have been used for structural 
characterisation of kerogen. IR spectroscopy was particularly 
used to evaluate the importance of carbonyl and/or carboxyl 
groups versus aliphatic chains plus saturated rings. The most 
likely assignment of the various bands is shown in Figure 4, 
which is mainly based on publications of King et a l . (1963),
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FIG.2 : The effect of depth on the carbonisation of • 
kerogen from the South Pecan Lake field, Cameron Parish, 
Louisiana (after: LaPlante, 1974).
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Tissot and Uelte, 1978).
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FIG. 4 : Typical IR spectrum of kerogen (type II). The
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kerogens: (a) 7 20 cm""* related to long aliphatic chains
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occurring in very mature kerogen (adapted from: Robin, 
1975).
13
Erdman (1965), Espitalie et a l . (1973), Robin (1975) and Robin 
and Rouxhet (1976), Cross polarisation, magic angle spinning 
(CP/MAS)^^C NMR has been applied to kerogen in the solid phase 
to evaluate the genetic potential of oil shales (Mikins et a l ., 
1982), but the complexity of kerogen enforced limitations on 
the interpretations of the spectrum.
Electron diffraction has been used by Oberlin et a l . (1974) to 
observe the degree of organisation of carbon structures in 
amorphous kerogen at different scales from 5 to 500 & and their 
evaluation during burial. The method showed the existence of 
stacks of two to four more-or-less parallel, aromatic sheets in 
kerogen. The diameter of an aromatic sheet was between 5 and 
10 S. In addition it was observed that the inter-layer 
distance ranged from 3.4 & to 6 or 7 & in shallow kerogens and 
was relatively narrower in deep ones, with a maximum frequency 
of 3.4 to 4.0 X. A general review of electron diffraction 
techniques and their application in understanding kerogen 
structure is provided by Oberlin et a l . (1980).
In addition to the previously mentioned techniques of analysis, 
chemical oxidation and the subsequent analysis of the low 
molecular weight oxidation products by gas chromatography-mass 
spectrometry (GC-MS) was found to provide a complimentary way 
for structural elucidation of kerogen. Vitorovic et a l . (1974, 
1977) used a method of stepwise oxidation of kerogen from 
Aleksinac shale (Miocene, Yugoslavia) by alkaline potassium
14
permanganate. The oxidation products of each step were 
analysed separately by GC-MS and suggested that the kerogen 
consisted of two types of organic matter, one was aromatic, the
other was mainly aliphatic with a high abundance.
Machihara and Ishiwatari (1980) applied a similar mild, 
stepwise oxidation, which consisted of 9 steps at 60°C with a 
young kerogen from Lake Harana and alkaline potassium 
permanganate. It was observed that young kerogen easily 
degraded under the mild conditions with relatively large 
amounts of CO 2 liberated. Acid insoluble material was 
generated at the early stages of the oxidation. The major 
oxidation products, which were analysed by GC-MS, were found to 
be dominated by aliphatic ci,a;-dicarboxylic acids ranging from 
C 5 to C^g. Aromatic carboxylic acids (mono-, di- and tri-) and
aliphatic taonocarboxylic acids ranging from Cg to C^g were
detected in minor amounts. The yield of the polymethylene 
chains (C^ - C^g) was calculated as 1 .6 % of the original
kerogen. On the grounds of their results, a hypothetical 
structure of young kerogen was deduced (Fig. 5). It was 
proposed that the nucleus of the young kerogen consisted of 
clusters, which were mainly polymethylene chains, aromatic 
rings, and other materials, connected by highly oxygenated 
compounds (condensation products of carbohydrates and amino 
acids). The generation of relatively large amounts of CO 2 on 
oxidation was ascribed to the easily decomposed clusters. The 
production of aliphatic mono- and di-carboxylic acids, benzene
15
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FIG. 5: Hypothetical structure of the young kerogen from
Lake Haruna (after: Machihara and Ishiuatari, 1980).
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carboxylic acids and other unidentified components on prolonged 
oxidation was thought to result from the change of the clusters 
into insoluble acid material, formed at the early stages of the 
oxidation. Mono- and di-carboxylic acids were
thought, in particular, to derive from the polymethylene chains 
of various lengths, which are combined with clusters or 
oxygenated compounds.
The chemical oxidation of kerogen using KMnO^ has been 
extensively reported in the literature by many workers 
(Burlingame and Simoneit, 1968, 1969; Robinson, 1976; Young and 
Yen, 1977; Yen, 1976; Machihara and Ishiwatari, 1982;
Vitorovic, 1980; Vitorovic et a l ., 1984). However, oxidants 
such as chromic acid have also been used for the oxidative 
degradation of kerogen (Hoering, 1973; Hayutsu et a l ., 1978). 
Very recently Barakat and Yen (1988) applied a method of 
stepwise oxidation of kerogen from the Monterey shale (Santa 
Maria Basin) by sodium dichromate in acetic acid. The
oxidation method consisted of four steps. The temperature was 
maintained at 20°C for the first step and adjusted to 40°C for 
the three remaining steps each of 2 0  hr duration, accompanied 
by stirring. At the end of each oxidation step, the reaction 
mixture was acidified with HCl to pH ~ 1 and filtered. The 
precipitate and the filtrate were extracted with
dichloromethane and the combined extracts were methylated with 
14% BFg in methanol after the solvent had been removed on a 
rotary evaporator. The chemical oxidation products of each
17
step were analysed by GC-MS (Table 1, Fig. 6 ). From the type 
of acid products obtained a preliminary model for the structure 
of Monterey kerogen was constructed. It was suggested that the 
nucleus is mainly composed of a long polymethylene, cross- 
linked aliphatic structure, to which are attached at one 
terminus n-alkyl and isoprenoid chains, and minor amounts of 
branched, saturated hydrocarbons. Also subordinate structures 
of phenyl and tolyl groups, as well as alicyclic and 
heterocyclic structures, were noted to be present. The trend 
to decreasing relative abundance of isoprenoid acids, as well 
as C^^, and C^g monocarboxylic acids, was explained in
terms of their relative preferential abundance at the periphery 
of the kerogen matrix.
As mentioned before, the importance of elucidating the chemical 
composition of kerogen stems from its comprising the bulk of 
the organic matter in sedimentary rocks and, more importantly, 
from its potential for petroleum and gas generation. The 
latter reflects the effect of increasing temperature and depth 
of burial on the chemical composition of kerogen, which 
undergoes transformations in order to reach a higher degree of 
stability and ordering that is in equilibrium with the higher 
temperature and pressure conditions. Thus, it can be expected 
that a small change in the overall composition of kerogen may 
produce a large change in the nature of the lower molecular 
weight, solvent extractable bitumens that are generated from 
it. With increasing temperature and depth, different types of
18
Compound type Carbon (\Io.
n-monocarboxylic C^-C^,
acids  ^ "^ 4
n-dicarboxyiic C,-C
acids (a,cp)
aromatic acids
4 "34
isoprenoid acids ^14"^2V
except C18
branched monocarboxylic C^-C.^
acids S
3-ethyl-4-methyl-1-hydro­
pyrrole- 2, 5-dione
cyclic dicarboxylic 
acidst
TABLE 1: Chemical oxidation products of Monterey kerogen
(after: Barakat and Yen, 1988).
* Aromatic acids are less dominant products.
t Mass fragmentation patterns indicate a range of
however, their structures have not been identified yet.
19
r 100.0
< CO 10N W C4
X X O X O X OX o
CM ao
RIO
CD
<J»
100.0
< O g  - cvirtôS^OwXoXoim <oCD
X I
—Q
RIO
r>
CMoo X
CD
2400 2 P0 0400 500 1600 20U01200
SPECTRUM INDEX NUMBER
FIG. 6.
20
5 o o
XXxo
r 100.0
1 XXo
o
RIO
o
o
Q
r 100.0
RIO
o  I
X o
‘[[MiOii
400 800 1200 1600 2000
SPECTRUM INDEX NUMBER
2400 26DU
FIG. 6, continued: High resolution gas chromatograms of 
the methylated products illustrating the variation in 
product type and distribution. Parts (a)-(d) corres­
pond to steps 1-4, respectively. Abbreviations M,D and 
I represent n-monocarboxylic, a,Cü-dicarboxylic, and 
isoprenoid acids, respectively; numerals following in­
dicate the number of carbons. 81 , 02, and 83 in­
dicate the peaks of 3-Et-4-Me-1-H-pyrrole-2,5-dione, 
benzoic acid, 3 or 4-Me-benzoic acid, and 1,2-benzene 
dicarboxylic acid, respectively (after: Barakat and 
Yen, 1988).
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reactions may occur such as cracking, ring opening, ring 
closure and aromatisation (Fig. 7). The net effect of all 
these reactions is a hydrogen transfer from kerogen into 
bitumens.
The roles of temperature and depth in controlling the chemical 
changes of kerogen derive from their influence on the 
transformation ratio of the total organic matter (kerogen) into 
extractable bitumens and subsequently into gaseous products 
(mainly CH^). Thus, many of early studies were concerned with 
establishing the effect of rising temperature and increasing 
depth on the organic matter. Philippi et a l . (1965) determined 
the amount of the organic matter and the amount and composition 
of solvent extractable material in the range from the
Ventura Basin of California and the Los Angeles Basin. It was 
observed (Fig. 8 ) that both basins show initially a slowly 
growing proportion of evolved hydrocarbons, which increases 
rapidly at 10,000 ft in the Los Angeles Basin and at 16,000 ft 
in the Ventura Basin. It is remarkable that the increase in 
hydrocarbons occurs at the same temperature of ca. 120°C in 
both basins, and therefore this study provided confirmation of 
the importance of temperature in controlling hydrocarbon 
generation.
Albrecht et a l . (1976) monitored the changes in the composition 
of the organic matter through a large temperature range for 
rocks from the Douala Basin. It was observed that as
22
(1) RING OPENING
+ 2H
(2) CRACKING 
R- R' + 2H RH + r 'h
gain of 
hydrogen
(r ,r' = alkyl chains)
(3) RING CLOSURE
+ 2H
(4) AROMATISATION
+ 4 H
loss of 
hydrogen
FIG.7: Schematic representation of reactions showing the
redistribution of hydrogen during the diagenesis of the 
organic matter (i.e. kerogen). Cyclisation (3) and 
aromatisation (4) are likely to be the source of hydrogen 
supply for the formation of the extractable bitumens and 
the subsequent gas generation (after: Barker, 1979).
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temperature and depth increase the ratio of 
(Ci5 + bitumens)/(kerogen) (measured as mg hydrocarbons/g 
organic matter) reached a maximum at a depth of about 6,600 ft, 
subsequently decreasing (Fig. 9). This decrease is thought to 
be caused by the thermal cracking of the 0 ^^+ molecules by 
rising temperature and depth, giving lower molecular weight 
compounds (i.e. gaseous products).
The cracking reaction may proceed either by splitting of the 
chain in the middle:
^n^2n+2 + + ^ n / 2 ^ + 2
or by bond rupture near one end:
^n^2n+2  ^^n-l**2(n-l )+2 * ^^4
Smith (1968) used a thermodynamic approach to establish that
the thermal energy required to break short chains is much
higher than that required for breaking longer ones. This is
consistent with the observation that gas accumulations are
produced at greater depths than oil, where higher temperature
provides the energy necessary to crack short chains. The
formation of the extractable bitumens and the subsequent gas
generation is summarised by the following example, using
^29^60» which occurs in higher plants (Fig. 10).
Thermal processes are non-biogenic and operate to remove the 
characteristics of biogenically derived molecules (Fig. 11). 
For instance, odd carbon numbered n-alkanes derived from higher 
plants show a strong odd/even predominance which is usually
25
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FIG. 9: Evolution of saturated (A:«) 
and aromatic (B:A) hydrocarbons with 
burial in the Lagbaba series. The 
amounts of saturated hydrocarbons 
from chloroform extraction as uell 
as benzene-methanol extraction have 
been plotted (Albrecht et al., 1976)
a) at relatively lou temperatures:
^29^60 ^14^30 ^15^30
+ 2H
^15^32
b) at intermediate temperatures:
^14^30 ^ ^7^16 +
^15^32 16
c) at high termperatures:
’'8^18 *■''4^10
3 C7"l6-----^ 3  +
The overall reaction is:
+ 2H
^7*^16
^8^16
I + 2H
^8^18
i+ 2H
^4^10
+ 6H
3 C^Hq
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^29^60 14H
FIG.10: Example of the formation of the extractable
•bitumens and the subsequent gas generation. Hydrogen 
may be supplied by parallel reactions involving 
cyclisation and aromatisation of the kerogen (see FIG. 7)
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The phytyl side chain of the chlorophyll molecule is an 
important source for chain-like isoprenoid compounds in 
sediments and oils, such as pristane and phytane.
FIG. 11.
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c) Examples of polycyclic molecules present in sediments 
and crude oils (Rubinstein et al., 1975; Seifert, 1975; 
Spyckerelle, 1975; Ludwig, 1982).
FIG. 11, continued: Types of biologically derived molecules
in oils.
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measured by the . "Carbon Preference Index" (CPI), i.e. the 
ratio, by weight, of odd to even molecules.
C25+C27+C29+C31+C33 C25+C27+C29+C31+C231
CPI =
C24+C26+C28+C30+C32 C26+C28+C3Q+C32+C34
In contrast, those generated by thermal cracking of kerogen 
show no preference for odd or even chain lengths and their 
increasing concentration eventually swamps the odd/even 
preference of alkanes inherited directly from biological 
materials and thus CPI values tend to a value of 1.0. Also, 
optically active compounds, such as steranes and hopanes (Hills 
et a l ., 1970), suffer degradation and dilution by the newly 
generated hydrocarbons to give smaller products with no optical 
activity. Generally, most of the biologically derived
molecules which possess complex and characteristic structures, 
such as those found in steranes, isoprenoids, porphyrins etc., 
are eventually cracked down to smaller molecules which lack the 
characteristics of the parent molecules.
The formation of low molecular weight hydrocarbons, i.e. 
petroleum generation, appears to be a necessary consequence of 
the desire of kerogen to respond to its changing conditions of 
increasing temperature and pressure to reach a higher degree of 
stability and ordering. In much the same way as kerogen 
composition changes, the chemical composition of crude oil 
(Fig. 12) changes in response to changing conditions. The
30
Crude oil
ca. 20^ca. 50^ca.
Aromatic
Hydrocarbons
Saturated
Hydrocarbons
Resins
Asphaltenes
Hono-aromatic£ Acyclic alkanes Cycloalkanes
n-alkanes
CO-iso-alkanesDi-aromatics 
e.g. ^
anteisoalkanes
Poly-aromatics
isoprenoids
FIG.12: Schematic representation of the general composi­
tion of crude oil with the average \JJ% of the hydrocarbon 
fractions. R = alkyl chain.
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various factors which can cause these changes can be considered 
under two headings. Firstly, "maturation": this term is used
for all processes which occur as an inevitable consequence of 
increasing temperature and depth of burial. Secondly,
"alteration": this is caused by an external influence (usually
chemical or bacterial) which acts to change the composition of 
crude oil. All crude oils are subject to maturation, but the 
effects of alteration may vary widely from one crude oil to 
another, or from one part of a reservoir to another.
As for kerogen, with increasing depth and rising temperature 
there is a tendency for reservoired crude oils to become more 
"mature". They become specifically lighter, and contain an 
increasing amount of low molecular weight hydrocarbons at the 
expense of high molecular weight constituents. Similar to 
those changes discussed with regard to kerogen, thermal 
maturation of crude oils involves a hydrogen transfer from more 
aromatic type structures, which become more condensed, to 
aliphatic molecules (Fig. 13), as well as the thermal cracking 
of heavy compounds. The generation of low molecular weight 
hydrocarbons proceeds towards methane (with a H/C ratio of 4), 
but there is insufficient hydrogen in crude oil to convert all 
the carbon into methane, and thus an insoluble carbon-rich 
residue is left in the reservoir. Dobryanski (1961) defined 
this residue as highly carbonaceous and "graphatic" compounds. 
The change from oil to gas at higher temperatures implies that 
oil is only present within a limited temperature range. This
32
17
+
12
GO0 G:
c. + 3C^ + 2 C.
FIG. 13: Schematic representation of the thermal maturation 
of a crude oil showing the parallel development of increas­
ingly aromatic heavy molecules and progressively smaller 
alkanes. Arrows represent cleavage points. (after:
Connan et al., 1975).
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occurrence was defined by Pusey (1974) as the "oil window". 
Another examination of the change in crude oil properties with 
increasing reservoir temperature is presented in Figure 14. It 
shows a linear increase in compounds containing less than 15 
carbon atoms, which occur at the expense of 0 ^^+ heavy 
constituents. Simultaneously, gases, especially methane, 
increase exponentially in relative abundance. Therefore, 
thermal maturation of crude oils can be considered as a 
necessary thermodynamic step towards more stable molecules.
A relatively common "alteration" process that occurs in oils is 
the precipitation of asphaltenes. Asphaltenes are high 
molecular weight compounds that are insoluble in light 
hydrocarbon solvents, and have been described by Yen (1972) as 
a complex mixture of pericondensed aromatic sheets. The 
aromatic rings are mostly substituted by methyl groups and N, S 
and 0 compounds are also present. Individual aromatic sheets 
have molecular weights of ca. 500-1,000, with a polyaromatic 
nucleus size of 8-15 S. These sheets are usually stacked 
(ca. 5 layers) to form particles or crystallites by 
intermolecular or intramolecular association resulting from 
bonds between pericondensed aromatic sheets. The molecular 
weight of each particle is 1 ,0 0 0 - 1 0 , 0 0 0  with an average 
thickness of ca. 15-20 S. In the laboratory asphaltenes can be 
separated from the rest of crude oil by precipitation with 
organic solvents such as n-hexane or n-heptane. The
precipitation of asphaltenes can occur naturally in medium to
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heavy crude oils. It occurs whenever considerable amounts of 
hydrocarbon gas are either generated in-reservoir or injected 
from elsewhere. Thus, oils become specifically lighter, as 
with increasing thermal maturity.
Water washing and biodégradation are further "alteration" 
processes. They are always observed in combination, and are 
initiated by the action of moving sub-surface water. In the 
case of water washing, it is thought that meteoric water acts 
as the transporting medium for materials being removed from the 
crude oil or being brought into contact with it. Water which 
flows past a reservoired crude oil will remove the most soluble 
compounds preferentially. These include the lower molecular 
weight hydrocarbons, particularly the aromatics, and thus the 
water-washed oil becomes much heavier. Water washing is only 
effective in changing crude oil composition at the oil-water 
interface, where the heavy, degraded oil tends to be more 
concentrated, while the oil higher in the trap may remain 
unaffected.
Biodégradation is thought to occur when meteoric water carries 
dissolved oxygen and micro-organisms into the reservoir and 
brings them into contact with the oil-water interface, 
utilizing this dissolved oxygen and metabolising preferentially 
certain types of hydrocarbons.
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The preferential removal of certain hydrocarbons by 
biodégradation can significantly alter the composition of crude 
oils; an example is presented in Figure 15. It shows that 
n-alkanes ranging from ^15“^30 ^te the first aliphatic 
hydrocarbon class to be removed, whereas isoprenoidal alkanes 
(e.g. phytane and pristane) become relatively more abundant in 
moderately biodegraded oils, but under severe biodégradation 
they too are totally removed. Polycyclic, saturated
hydrocarbons appear to be more resistant towards 
biodégradation, as their relative abundance appears to remain 
unaltered. More important is the gradual development of a 
"hump", or unresolved complex mixture (UCM) simultaneously with 
the progressive removal of the major resolved components which 
subsequently becomes the only remaining major constituent of 
severely biodegraded crude oils. This UCM in the aliphatic 
hydrocarbons fraction has also been reported by Bailey et a l . 
(1973) and Blumer et a l . (1973). It is believed to derive from 
a complex mixture of hydrocarbons that is present in crude oil, 
but which is initially not observed due to the relatively large 
amounts of n-alkanes and other resolved components. The UCM 
only becomes prominent when the major resolved, alkylated 
species are removed by biodégradation and weathering and the 
sample concentration for GC analysis is increased for the 
detection of the remaining minor resolved components.
The appearance of a UCM is not confined only to biodegraded 
crude oils, it has also been detected in the gas chromatograms
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of aliphatic hydrocarbons fraction of sediment extracts. 
Thompson and Eglinton (1978) and Brassell and Eglinton (1980) 
described its presence as characteristic of petroleum 
contamination. This UCM is often used together with the 
confirmatory presence of certain compounds of biological origin 
(biomarkers) to determine petrogenic pollution (Dastillung and 
Albrecht, 1976; Albaiges and Albrecht, 1979). Biological 
markers, including steranes and hopanes, which preserve their 
structural characteristics under the effect of biodégradation,
i.e. they are resistant towards biodégradation (Rubinstein ^  
a l . , 1977; Connan et a l ., 1980) or suffer only minor changes
when biodégradation is severe (Reed, 1977; Rullkotter and 
Wendisch, 1982; Volkman et a l ., 1983a), are particularly useful 
for the determination of petrogenic contamination in sediments.
Recently Jones et a l . (1983) detected a UCM in the gas
chromatograms of aromatic fractions from polluted sediments in 
bacterial incubation studies. It has been suggested that this 
UCM can be used as a qualitative indicator of petrogenic 
contamination at an earlier stage than the aliphatic UCM, due 
to the more rapid removal of n-alkylaromatics (e.g. 
n-alkylbenzenes) compared with n-alkanes. The size of the UCM 
has been taken as a measure of the extent of biodégradation 
(Volkman et a l ., 1983a,b). Later, Connan (1984) and Volkman 
et a l . (1984) confirmed more specifically that
n-alkylaromatics can be removed more rapidly than n-alkanes at 
the primary stages of biodégradation. The presence of a UCM
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in aromatic fractions from polluted sediments led to the 
proposal of rapid screening techniques for sediment extracts 
using high performance liquid chromatography (HPLC), in which 
an aromatic UCM could be observed while monitoring a wavelength 
of 280 nm (Killops, 1986). Moreover, fractionation of the 
aromatic components of a polluted sediment according to their 
double bond equivalent content by normal phase HPLC using a 
cyano/amino bonded silica stationary phase (Killops and 
Readman, 1985) suggested that the aromatic UCM comprises mainly 
monoaromatic structure. It has also been suggested by the 
above authors that the accuracy of separation of aliphatic and 
aromatic components can significantly affect interpretation of 
the petrogenic UCM distributions in the two fractions, which 
was demonstrated by the quite critical variations in amounts of 
UCM isolated in each fraction, depending on the chromatographic 
conditions employed.
As mentioned before, with pronounced biodégradation, the UCM 
becomes the major constituent of the bitumen fraction of 
biodegraded petroleums in reservoirs and in polluted sediments. 
Despite this fact, information about its chemical composition 
is rather limited, and thus the present study of the UCM from a 
typical heavily biodegraded oil (West Sak', from the Shublich 
formation, Triassic) was undertaken to provide the following 
information :
(a) Evidence about the general chemical nature of the UCM 
(i.e. aliphatic or aromatic) by employing:
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(i) chromatographic techniques (e.g. thin layer chromatography, 
column chromatography, and subsequent analysis by gas 
chromatography);
(ii) spectroscopic/spectrometric techniques (UV, IR, and 
NMR, and MS).
(b) Information about the size of components in the UCM by 
applying methods such as urea/thiourea adduction and molecular 
sieving.
(c) Identification of major structural units present in the 
UCM components by employing chemical oxidation and subsequent 
analysis of products by GC and GC-MS.
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2. EXPERIMENTAL
2.1. Isolation of total hydrocarbons fraction
Hexane (HPLC-grade, ca. 1 ml) was added to a sample of oil 
(ca. 100 mg). The mixture was agitated and was then 
centrifuged at 1000 r.p.m. for 10 rain. The hexane soluble 
fraction was isolated from the precipitated asphaltenes. Any 
sulphur present in the solution was removed by the addition of 
a few drops of mercury and agitation. After standing for 
ca. 24 hr, the mercury was removed. A total hydrocarbons 
fraction was obtained by the application of alumina column 
chromatography (2" column, Brockman activity 1, Merck), and 
eluting with toluene ( 6  column volumes of toluene = 180 ml, 
having been predetermined to elute all hydrocarbons). Resins 
(i.e. polar NSC compounds) were then eluted by the addition of 
3 column volumes of methanol (90 ml). The total hydrocarbons 
fraction in the toluene solution was reduced to dryness on a 
rotary evaporator and any final traces of toluene were removed 
by further evacuation (ca. 24 hr, rotary pump).
2.2. Aliphatic/aromatic class fractionation by TLC
A sample of total hydrocarbons fraction (ca. 25 mg, also 
containing n-eicosane, squalane, phenyltridecane, anthracene 
and pyrene each at a level of 2 /ig/mg total hydrocarbons) was 
applied to a silica gel (60G, Merck, 0.4 mm) TLC plate 
( 2 0  cm X 2 0  cm) which had previously been pre-eluted with
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dichloromethane (24 hr) and reactivated (120°C, 2 hr). The
following fractions were obtained by reference to standards 
(Fig. 16): alkanes ( > phenyltridecane), monoaromatics
(naphthalene < R^ ^ phenyltridecane), and polyaromatics ( 0  < R£
< naphthalene). Standards were visualised under UV (254 nm) 
after development with rhodamine 6 G solution ( 0.1% in
methanol). Following isolation of the three bands from the TLC 
plate, the respective fractions were eluted with 
dichloromethane (ca. 50 ml). Solutions were evaporated to 
dryness under reduced pressure (rotary evaporator) prior to GC ' 
analysis in hexane solution (ca. 1 0  mg/ml conc.).
2.3. Size fractionation techniques
2.3.1. Urea adduction
N-eicosane,' squalane, phenyltridecane, anthracene and pyrene 
each at a level of 2 /zg/mg total hydrocarbons were added to a 
sample of total hydrocarbons fraction (ca. 2.5 mg) in hexane 
solution (ca. 1 ml). Saturated urea in methanol solution 
(ca. 1 - 2  ml) was added, and a homogenous mixture was achieved 
by gentle heating and/or by the addition of a small amount of 
acetone. During the subsequent removal of the solvent under a 
gentle stream of dry nitrogen gas, adduct crystals were formed. 
The complete removal of the solvent was ensured by leaving the 
crysalline matrix under the nitrogen gas for a prolonged period 
of time (up to 1 hr). Non-adducted components were removed 
from the surface of the crystalline matrix with light petroleum
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spirit (b.p. 40-6p°C, ca. 1 ml x 2). Adducted components were 
obtained by dissolving the urea matrix in a small volume of 
methanol, to which organics-free water was added (ca, 1 ml), 
and the adducted components were extracted with light petroleum 
spirit (ca, 1 ml x 2). The solvent was removed under a stream 
of dry nitrogen gas from the isolated adduct and non-adduct 
fractions. Subsequently, both fractions were analysed by GC in 
hexane solution.
2.3.2. Thiourea adduction
Thiourea adduction was carried out on the total hydrocarbons
fraction in a similar procedure to the urea adduction, although
acetone was not used as this solvent forms an adduct with 
thiourea.
2.3.3. 13X molecular sieve
N-eicosane, squalane, phenyltridecane, anthracene and pyrene 
were added to a sample of total hydrocarbons fraction 
(ca. 2 . 5  mg) each at a level of 2 /ig/mg total hydrocarbons. 
This mixture was refluxed in hexane solution (ca. 50 ml, 19 hr) 
with 13X molecular sieve (5.5 g). At the end of the reflux the 
decanted solvent, containing non-clathrated components, was 
removed on a rotary evaporator. Clathrated components were
recovered from the 13X molecular sieve by refluxing in ethyl 
acetate (ca. 50 ml, 24 hr). Similarly to the above, the
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decanted solvent, was evaporated to dryness on a rotary
evaporator at the end of the reflux. Both clathrate and non- 
clathrate fractions were analysed by GC in hexane solution.
2.4. Gas chromatography (GC) and combined gas chromatography 
-mass spectrometry (GC-MS) analysis
2.4.1. GC analysis
Various hydrocarbon fractions were analysed using a Carlo Erba 
Mega 5360 GC fitted with a Grob splitless vaporising injector 
and a flame ionization detector (FID). A 25 m x 0.25 mm id, 
0.25 fim WCOT 5%-phenylmethylsilicone fused silica column 
(Durabond, DB-5) was used with helium carrier gas
(2.2 kg cm""^). Samples were injected in hexane solution 
(1.0 /il). GC temperature programme conditions were, typically, 
1 min at '60°C, then 60-300°C at 5°C min“^ , followed by a 
sufficient isothermal period at 300°C to allow complete elution 
of all components (20 min for UCM analyses). Injector and
detector temperatures were 300°C. An LDC 308 integrator was
used to quantify the resolved component areas, and relative UCM 
areas were obtained by weighing the cut out UCM profiles from 
photocopied chromatograms and relating these weights to the 
peak areas of internal standards. Component quantification in 
all analyses was achieved by reference to standards 
(n-eicosane, squalane, phenyltridecane, anthracene and pyrene, 
each at a typical level of 2 //g/mg total hydrocarbons) added to 
the samples as early as possible in the analytical procedure.
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2.4.2. GC-MS analysis
Various hydrocarbon fractions and the oxidation products of the 
UCM and of some model compounds were analysed separately by a 
computerised GC-MS system. This system incorporated a Carlo 
Erba 5360 GC with a Grob coolled, on-column, injector. Samples 
were injected in hexane solution (0.5 fil) on to a 30 m x 
0.32 mm id, 0.17 /im WCOT 5%-phenylmethylsilicone fused silica 
column (Hewlett-Packard), with the column effluent being taken 
through to the ion source of a Finnigan INCOS 50 quadrupole MS 
via a short length (ca. 1 m) of deactivated uncoated fused
silica (0.2 mm id, SGE). Helium carrier gas was used 
(0.7 kg cm~^), with a GC temperature programme of 6 °C min“  ^
over the range 60-300°C, after an initial period of 1 min at 
60°C and with a sufficient time of 300°C to allow analysis of 
all components. The MS was operated in electron impact (El) 
mode, with typical conditions of: emission current 800 //A,
electron energy 30 eV, transfer-line temperature 270°C, mass
range 50-500 amu at 1 scan sec ^ .
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2.5. Bulk UCM characterisation
2.5.1. Probe MS analysis
The analysis of the total hydrocarbons fraction was carried out 
using the INCOS 50 MS system and Finnigan direct exposure probe 
(DEP). A small amount of sample (ca. 0.01 mg) in hexane 
solution was loaded on the tip of the probe. The solvent was 
allowed to evaporate and the probe was inserted into the INCOS 
50 MS. The DEP was programmed from 0-1 A (equivalent to ca. 
ambient to lOOO^C). The sample was examined at three different 
heating rates 10°C sec”^, 20^C sec“  ^ and 500°C sec“^ over a 
mass range of 50-600 amu at a scan rate of 2.5 scan sec“^.
2.5.2. Cl-MS analysis
Analysis of total hydrocarbons fraction was performed on a VC 
Micromass 12F MS under PDPll computer control, using a CDC 
pyrolysis probe operated in the range 160-210°C. Typical MS 
conditions were ionization energy 100 eV; emission current 
50 //A; repulsion voltage 2 V; magnetic field deflection 3 to 
5 kV ; reagent gas pressure ca. 2 torr. Isobutane and 
fluorobenzene reagent gasses were used.
2.5.3. Infrared (IR) analysis
A sample of total hydrocarbons fraction and nujol (ca. 1.0 mg) 
were characterised separately by using a Perkin-Elmer 1700 FT-
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IR spectrophotometer with solid NaCl cells. The spectrum was 
recorded over a frequency range of 500-5000 cm“  ^ (abscissa) and 
a percentage of transmission range of 0.00-100.00 %T (ordinate) 
with 4.00 scans and a resolution of 4.00 cm”^ .
2.5.4. Ultraviolet—visible (UV-VIS) analysis
A Perkin-Elmer 550 UV-VIS spectrophotometer with two 2 cm^ 
silica cells was used. A sample of total hydrocarbons fraction 
in hexane solution (ca. 0 . 1  mg/ml) was added to the sample cell 
and the hexane solvent was added to the reference cell. The 
spectrum was recorded over a wavelength range from 600 nm to 
183 nm with a scan rate of 120 nm min~^ and a chart recorder 
speed of 120 ram min~^. A similar spectrum was recorded for a 
solution of toluene in hexane under the conditions described 
above.
2.5.5. Nuclear magnetic resonance (NMR) analysis
60 MHz^H and 90 MHz^^C NMR spectra of total hydrocarbons 
fraction (ca. 100 mg) were recorded using a Jeol FX 90Q with a 
reference of trimethylsilane (TMS). Deuterated chloroform 
(CDCI 3 ) used as solvent, and sufficient scans were recorded
until an adequate signal/noise ratio was obtained for aliphatic 
and aromatic signals. The NMR spectrum recorded with the
above instrument, was weak with a very low signal/noise ratio. 
Subsequent NMR analysis of a sample of total hydrocarbons
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fraction (ca. 250, mg) on the 400 MHz instrument at Queen Mary 
College, NMR service unit, for a period of 16 hr afforded only 
slight improvement in the spectrum.
2.5.6. Elemental analysis
Carbon, hydrogen and nitrogen atomic weight percentages were 
obtained by analysis of total hydrocarbons fraction 
(ca. 100 mg) at Butterworth Laboratories.
2.6. Chromic acid oxidation
2.6.1. Total hydrocarbons fraction
The method of Brooks et a l . (1975) was followed with slight
modification. Glacial acetic acid (10 ml), containing chromium 
trioxide (ca. 250 mg), was added to the organic substrate (i.e. 
total hydrocarbons fraction; 50 mg). The reaction mixture was 
maintained at 70°C for periods ranging from % hr to 4 hr using 
an oil bath and a water condenser. At the end of the reaction, 
organics-free water ( 2 0  ml) was added to the reaction mixture. 
The oxidation products were then extracted from the reaction 
mixture with light petroleum spirit (3 x 20 ml), and the 
extracts were reduced to dryness on a rotary evaporator. 
Méthylation was carried out with 2 ml of 14% BE 3 in methanol 
(BDH) for 1 hr in a boiling water bath using a tightly capped 
vial. Organics-free water (5 ml) was added to the mixture, 
methyl esters and unreacted hydrocarbons were extracted with
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light petroleum spirit ( 5 x 2  ml). The combined extracts were 
reduced to dryness on a rotary evaporator and a standard 
mixture of squalane and pyrene was added at a level of 2 /zg/mg 
and chrysene at a level of 0.5 /zg/rag total hydrocarbons prior 
to GC analysis.
2.6.2. Model compounds
N-hexadecane, n-eicosane, phenyltridecane and 9-dodecyl- 
perhydroanthracene were oxidised for periods of 1 hr or 4 hr in 
a similar procedure to the above, oxidation.
51
3. RESULTS AND DISCUSSION
3.1. Bulk UCM characteristics
The total hydrocarbons fraction was subjected to a variety of 
spectroscopic and spectroraetric techniques to gain information 
on bulk UCM characteristics. FT-IR (Fig. 17a) spectroscopy 
indicated that the UCM comprised almost totally aliphatic 
hydrocarbon structures. This spectrum is almost identical to 
that of commercial nujol (Fig. 17b), with the addition of some 
very weak absorption in the region of below 1 0 0 0  cm"^ that can 
be attributed to aromatic structures.
Another indication of the aliphatic nature of the UCM was 
provided by FT-^H-NMR (Fig. 18a), which showed a large signal 
associated with alkane structures in the range of 0 . 0  - 2 . 8  ppm 
(relative to TMS), and a small signal ascribed to aromatic 
structures in the range of 6.9 - 7.3 ppm. Similarly the
^^C-NMR spectrum (Fig. 18b) recorded on a 400 MHz instrument 
showed a large response from alkane structures in the range of 
10-70 ppm and a small signal in the range of 120-130 ppm 
attributable to aromatic structures. Quantification of the 
characteristic resonance in both spectra suggested that ca. 92% 
of the protons and ca. 84% of the carbons are associated with 
alkane structures, i.e. ca. 8 % of the protons are aromatic and 
c a . 16% of the carbons are aromatic. It should be noted the 
ca. 16% aromatic carbons represents a minimum value due to the 
larger relaxation times of aromatic carbons. Further
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consideration of the NMR data suggests that for every aromatic 
proton and aromatic carbon atom there are, respectively, 1 1 . 5  
aliphatic protons and 5.25 aliphatic carbon atoms. Therefore, 
it can then be concluded that for every benzenoid structure 
(i.e. assuming a ratio of 1:1 H:C) there are about 31.5 
aliphatic carbon atoms and 69 aliphatic protons.
UV-VIS spectroscopy of the total hydrocarbons fraction in 
hexane solution was undertaken to examine further the nature of 
the suggested minor aromatic content of the UCM. The only 
notable feature in the spectrum was a more rapid rise in 
absorption with progression towards low wavelengths than was 
recorded for pure hexane. This may be attributable to the 
aromatic content of the UCM. It should be noted that the total 
hydrocarbons fraction was obtained from column chromatography 
by elution with toluene and that, while rigorous efforts were 
made to remove all traces of toluene prior to all analyses of 
total hydrocarbons fraction, there remains the possibility that 
a proportion of the minor aromatic content in the UCM may 
derive from traces of the toluene.
The total hydrocarbons fraction obtained from alumina column 
chromatography of the deasphalted, biodegraded oil was found to 
comprise very little other than UCM, making it a suitable 
starting material for the investigation of the structure of the 
UCM. Minor amounts of resolved components were observed in the 
gas chromatogram of the total hydrocarbons fraction, the most
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notable being five pairs of peaks, eluting late in the gas 
chromatogram. These components were identified by GC-MS 
analysis as a series of demethylated hopanes, their
mass spectra being characterised by a prominent m/z 177 
fragment ion. These components have been detected in other 
biodegraded petroleums (Volkman et a l ., 1983b). The absence of 
n-alkanes indicates the degree of biodégradation which the oil 
under examination has undergone.
The total hydrocarbons fraction was subjected to silica gel TLC 
in order to isolate aliphatic, monoaromatic, and polyaromatic 
sub-fractions. The subsequent GC analyses of these fractions 
(Fig. 19) and their quantification by reference to standards 
(Table 2) indicated a 50:50 split of the UCM components between 
the total aliphatics and total aromatics fraction (i.e. 
monoaromatics + polyaromatics). It is uncertain whether the 
sub-fractions obtained represent the true resolution of 
aliphatic/aromatic components in the UCM. As the UCM 
components appear mainly aliphatic, with only a minor 
proportion of aromatics, from spectroscopic/spectrometrie 
investigation, it seems that the UCM components may not behave 
in the expected way upon TLC, but just "smear" up the plate. 
It is, therefore, possible that real aliphatic/aromatic 
resolution may be hampered by the complexity of the mixture. 
The maximum in the UCM (marked by X in Fig. 19) that occurs 
towards the end of the aliphatic chromatogram is at the same 
position that triterpenoids usually elute. It may be that this
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Fraction Standard
components
Peak
area
*UCM(mg) UCM#
I ■
aliphatics eicosane
squalane
25662
19453 293.4
42#(Ei)
5155(Sq)
monoaromatics phenyl­
tridecane 40841 1 6 6 . 6 17%(PT0;
polyaromatics pyrene
anthracene
26268
19733 157.3
24^(Pv)
30%(A)
total
hydrocarbons eicosane
phenyl­
tridecane
squalane
pyrene
anthracene
20625
22889
19009
22386
21525
561.3 1 0 0 %
TABLE 2 : UCM weight percentages of total hydrocarbons
fraction of biodegraded crude oil and its sub-fractions 
from silica gel TLC.
* Weight of the UCM cut out of photocopied chromatograms.
UCM% obtained from relating the UCM(mg) of each 
fraction to the UCM(mg) of total hydrocarbons fraction 
UCM of each fraction is quantified relative to 
standard shown in brackets.
Abbreviations of standard components used in this and 
following TABLES: Ei = eicosane, Sq = squalane, PTD = 
phenyltridecane, A = anthracene and Py = pyrene.
NOTE: Error percentages are not given in all tables as
only single experiments were carried out.
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maximum is associated with pentacyclic alkanes. A lesser 
amount of this maximum appears to occur in the monoaromatics 
fraction. This occurrence may be further evidence for the 
contention that aliphatic structures in the UCM appear to 
exhibit lower values than expected. Additionally, aliphatic 
components with low H/C ratio (e.g. polycyclic alkanes) have
lower R£ values than n-alkanes, so a high polycyclic nature may 
partially account for the observed TLC behaviour of the 
aliphatic UCM components. It can be concluded that the TLC 
method cannot provide an accurate means of separating such a 
complex mixture.
Size fractionation is not achieved with 13X molecular sieve, 
but it can be used to obtain aliphatic/aromatic class 
fractionation, as it strongly retains aromatic components but 
not aliphatics (Thomas and Mays, 1961 and references therein). 
UCMs were detected in both aliphatic (non-clathrate) and
aromatic (clathrate) fractions by subsequent GC analyses
(Fig. 20) and were quantified by reference to standards
(Table 3). Phenyltridecane appeared in the gas chromatograms 
of both non-clathrate and clathrate fractions. Quantification 
of the weight percentage of non-clathrated phenyltridecane, 
using the values of peak areas in Table 3, was obtained from 
the relation with phenyltridecane added to the total 
hydrocarbons fraction and by reference to n-eicosane: i.e.
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Fraction Standard
components
Peak
area
*UCM(mg)
clathrate pyrene
phenyl­
tridecane
anthracene
10552
3618
12870
124.1
485C(Py)
38?5(A)
non-clathrate eicosane
squalane
phenyl­
tridecane
17337
16469
10180
327.9 695C(Sq)
total
hydrocarbons eicosane
squalane
phenyl­
tridecane
pyrene
anthracene
20625
19009
22889
22386
21525
547,2 1 0 0 %
TABLE 3: UCM weight percentages of total hydrocarbons
fraction and of 13X molecular sieve clathrate and non- 
clathrate fractions.
*,** see TABLE 2
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(PTD peak area in non-clathrate) / (PTD peak area in total h/cs) 
(^i peak area in non-clathrate) / (Ei peak area in total h/cs)
where PTD = phenyltridecane and Ei = eicosane
This indicated that ca. 53% of the phenyltridecane behaved as 
an aliphatic compound and ca. 47% was adsorbed by the sieve, in 
the manner of an aromatic compound. It can be concluded that 
n-alkyl chains on monoaromatic compounds significantly affect 
the behaviour of such compounds towards 13X molecular sieve, 
and would not be anticipated that alkyl monoaromatics in the 
UCM would behave differently from the phenyltridecane. From 
the observation that the total UCM amount from combined 
clathrate and non-clathrate analyses is greater than 1 0 0 %, it 
is possible that some of the pyrene and anthracene standards 
might have been irreversibly adsorbed by the sieve, which 
subsequently distorted the weight percentage of the apparent 
aromatic UCM value. Hence overall, using the non-clathrate 
data it can be considered that ca. 70% of total UCM is non- 
clathrated, whereas clathrated UCM does not comprise more than 
30% of the total UCM. These results, which are shown in 
Fig. 20, are approximate due to the unknown behaviour of any 
alkyl aromatics in the UCM, but they appear to be broadly 
consistent with the data obtained by spectroscopic/ 
spectrometrie techniques.
Urea and thiourea adduction techniques were applied to the 
total hydrocarbons fraction to gain some general indication on
62
UCM component sizes by the subsequent GC analysis of urea and 
thiourea adducts and non-adducts (Fig. 21, Table 4). The 
crystal lattice of urea has channels with an internal diameter 
of 5 X and so can adduct n-alkyl chains. Adducted components 
can be n-alkanes, or they may contain another grouping attached 
to n-alkyl chains, providing the n-alkyl chain is of a 
sufficient length (e.g. octadecylbenzene). The maximum
diameter permitted is ca. 4.5 & (Baron, 1961 and references 
therein), and so branched alkyl chains are not adducted. It is 
also well known that when pure urea is allowed to crystallise 
from a solvent, a rather loose, tetragonal, crystalline lattice 
is obtained which is stabilised through hydrogen bonding 
(Baron, 1961 and references therein). The situation changes 
completely if urea is crystallised in the presence of 
unbranched hydrocarbon chains, where the subsequent solid (urea 
adduct) has an hexagonal lattice. The structure obtained is 
stable because the deficiencies in actual bonding are 
compensated by the effect of close spatial filling (Baron, 1961 
and references therein). GC analysis of the urea adducts and 
non-adducts (Fig. 21) from the total hydrocarbons fraction and 
their subsequent quantification by reference to standards 
indicated that ca. 75% of the total UCM was adducted relative 
to eicosane, and ca. 74% was non-adducted relative to squalane, 
(Table 4). These values can be considered as maxima of the 
total adducted and non-adducted UCM. There is obviously some 
discrepancy, which may be accounted for by some of the standard 
components added to the total hydrocarbons fraction, such as
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F raction Standard
components
Peak
area
-K-
UCM(mg)
**
UCM%
urea adduct eicosane
phenyl­
tridecane
squalane
pyrene
anthracene
12497
11560
8287
13468
1762
255.0 75%(Ei)
urea non- 
adduct
squalane
phenyl­
tridecane
pyrene
18873
28681
10999
413.9 74%(Sq)
TABLE 4 : UCPO weight percentages in urea adduct and non
adduct fractions.
*;** see TABLE 2
Fraction Standard
components
Peak
area
*UCM(mg)
** , 
UCIT%
thiourea
adduct squalane
eicosane
phenyl­
tridecane
pyrene
anthracene
8578
9552
10460
6415
4848
238.4 94%(Sq]
thiourea
non-adduct squalane
eicosane
phenyl­
tridecane
pyrene
anthracene
13563
11820
16180
18256
12181
329.4 72%(Py:
TABLE 5: UCM weight percentages in thiourea adduct and
thiourea non-adduct fractions.
*,** see TABLE 2
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phenyltridecane, squalane, and pyrene, which do not normally 
undergo urea adduction, being partly adducted here. This may 
be due to the way that the crystallisation of urea occurred in 
the presence of total hydrocarbons fraction, which may not have 
resulted in a very compact hexagonal urea adduct, to an extent 
that could have allowed components like those standards 
mentioned and similar UCM components to be superficially 
attached to the urea lattice. Unfortunately, the structure of 
the urea adduct was not observed under the microscope to verify 
this possibility. There is also the possibility, however 
remote, that the apparently adducted UCM components may not be 
behaving conventionally during urea adduction, in the same way 
that they do not appear to behave conventionally during TLC 
analysis. It could be that the adduction may not be occurring 
in the accepted sense and that UCM components not containing 
n-alkyl chains with a free end are attached to the urea lattice 
some other way, although there is no evidence to substantiate 
this possibility. Therefore, the adducted UCM% was considered 
as a range between a minimum value of 26% to a maximum value of 
75% from the above-mentioned results. It therefore appears 
that ca. 50% ± 25% of total UCM contains cyclic/branched 
components with n-alkyl chains C^) attached.
The crystalline forms of pure thiourea and its adducts differ 
in the same way as for urea; one is rhombic and the other is 
rhombohedric, respectively (Baron, 1961 and references 
therein). The presence of a sulphur atom instead of an oxygen
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accounts for an increase in the size of the thiourea molecule 
and of the crystalline structure as a whole, which necessarily 
leads to a larger central channel of 7 2 diameter. This
implies that components such as branched acyclic alkanes and 
benzenoid compounds with suitable alkyl substituents can be 
adducted, because their cross-section will be of a sufficient 
size to warrant retention in the adduct crystals, while the 
smaller diameter of n-alkyl chains or n-alkanes allows them to 
slip out (Baron, 1961 and references therein). Cycloalkanes 
have also been reported to undergo thiourea adduction, with 
structures up to the size of sitostane, but the larger tri- and 
tetra-terpanes are not adducted (Murphy, 1969 and references 
therein). GC analysis of the thiourea adducts and non-adducts 
(Fig. 21), and their quantification by reference to standards 
(Table 5), indicated a maximum adduction of ca. 94% of the 
total UCM and maximum non-adduction of ca. 72%. As with urea 
adduction, gas chromatograms of the thiourea adducts and non- 
adducts showed partial adduction of some standard components 
such as pyrene, anthracene, and in particular eicosane and 
phenyltridecane, the latter two components should be able to 
slip out from the thiourea lattice. This behaviour may be 
ascribed to similar reasons mentioned for urea adduction, 
despite the fact that in both cases the adducts were washed 
with a methanol/hexane mixture. Similarly to the urea 
adduction, the thiourea adducted UCM was considered to range 
between a minimum value of 28% and a maximum value of 94% (i.e. 
giving mean value of ca. 65%). This implies that more of the
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UCM is adducted by thiourea than by urea, as would be expected 
if branched and cyclic structures are present. If the amount 
adducted is near the upper limit of 94%, this would suggest 
that cyclic structures are almost certainly restricted to 
tetracyclic or smaller.
It is obviously difficult to obtain precise figures for the 
relative amounts of n-alkyl derivatives and branched/cyclic 
components from these adduction results. However, considering 
the urea adduction and making the moderate supposition that the 
ratio of adducted to non-adducted branched/cyclic components is 
the same as that for adducted and non-adducted squalane, then 
ca. 74% of the UCM components appear not to be adducted. This 
suggests that only 25% of UCM components have n-alkyl 
substituents which are bonded to branched/cyclic structures at 
one end and with an n-alkyl chain length > C^. Treatment of 
the thiourea adduction data is more problematic in that no 
suitable standard was available that would not be adducted on 
the grounds of being too large. Pyrene would appear to have 
undergone less thiourea adduction than the other standards used 
(Table 5), suggesting a maximum value for non-adducted UCM of 
72%, i.e. at least 28% of UCM components would appear to be 
capable of undergoing thiourea adduction.
Duplicate elemental analyses of total hydrocarbons fraction 
(Table 6 ) indicated that C:N and C:S atomic ratios were c a . 340 
and 388 respectively, implying the minor contribution of N and
58
Element Weight^ Weight^*
C 61 .50 87.30
H 9.27 12.53
N <0.30 <0.30
S <0.30 <0.30
TABLE 6 ; Elemental analyses of total hydrocarbons fraction
* Duplicate values of each element correspond to the 
duplicate elemental analyses of total hydrocarbons 
fraction.
T ime *UCM (mg)
** - 
UCM %
i hr 275.6 32
1 hr 252.3 29
4 hr 130.5 15
TABLET: Weight percentages of unreacted UCM from i hr,
1 hr, and 4 hr oxidations.
* see TABLE 2
** UCM^ obtained from the following relationship:
UCM(mq)(oxidation products)  ^ chrysene(area)(total h/cs)_  ^
chrysene(area)(oxidation UCM(mg)(total h/cs)
products)
h/cs = hydrocarbons 
UCM(mg) in unoxidised total hydrocarbons fraction = 861.2.
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S to the UCM structure. The elemental analyses suggested an 
empirical formula of or for the hydrocarbon
material of the UCM. This formula was obtained by ignoring 
minor contributions of N and S. It appears therefore, that a 
significant proportion of the UCM comprises cyclic structures, 
as an empirical formula of would be consistent with a
simple di-cyclic alkane composition, while is consistent
with a simple 50:50 mixture of di-cyclic and tri-cyclic 
alkanes. These ratios ignore combined contributions from 
higher cyclic (i.e. larger than tri-cyclic) and acyclic alkyl 
structures. The presence of alkyl chains would require a 
higher proportion of tri-cyclic structures and/or the presence 
of tetra-cyclic or even higher cyclic structures. However, 
this simplified approach gives an approximate guide to the 
cyclics content of the UCM.
Probe EI-MS analysis revealed features consistent with the 
predominantly aliphatic nature of the UCM. For a variety of 
probe temperature programme rates two and three maxima were 
observed in the total ion current (TIC) (Fig. 22). Typical 
mass spectra of these maxima are given in Fig. 22 i(a,b),
ii(a,b,c), iii(a,b,c). As anticipated for alkane structures 
under EI-MS conditions, no molecular weight (i.e. molecular 
ion) information could be discerned, and significant molecular 
ion fragmentations appear to have occurred. The TIC maxima 
showed that the majority of the fragment ions have masses 
within the range of 100-300 amu, although masses up to the
70
(•)
100.0
temperature programme 
rate = 1G°C sec ^
TIC
(i)
150 
1 : 0 0
50
0:20
100
0:40
200
1:20
300 SCAN 
2:00 TIME
1 0 0 . 0
temperature programme 
rate = 2G°C sec ^
TIC-
(b)
(ii)
50 100 1 5 0 2 0 0  SCAN
0:20 1 :201 : 0 0 Tinc1 0 0 . 0
temperature programme 
5GG°C sec ^rate
TIC
(b)
(c)
60
0:24
40
0:15
6 0
0 : 3 2
20
0:00
(iii)
riG. 2 2 : Total ion current (TIC) mass chromatogram of
total hydrocarbons fraction performed by direct exposure 
probe EI-MS at three different temperature programme 
rates. Typical mass spectrum of each maximum in the 
chromatograms is presented as follows:
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limit scanned (5^0 amu) are visible. The high degree of 
fragmentation expected for alkanes coupled with the complexity 
of the mixture give rise to the observed mass spectrum 
exhibiting a signal at virtually every mass. However, on top 
of this general pattern are superimposed certain features that 
may give some more specific structural information. Alkyl 
chains would be anticipated to exhibit a series of prominent 
ions at m/z 57, 71, 85, 99 etc. While the first member of this 
series is observed, the other prominent maxima are at m/z 69 
and 83 and also at 81, 95, 109, 123, 137. The former set are 
consistent with monocyclic alkane structures (or with alkenes, 
but there is no evidence for significant unsaturated component 
contribution from spectroscopy), and the latter with
dicyclic alkane structures. Two further series of prominent 
ions can be seen in the lower temperature maximum in the TIC: 
m/z 149, 163, 177 and 191; 203, 217, 231, 245 and 259
(Fig. 22i(a)). The former series may represent tricyclic 
structures and the latter series tetracyclics. As no series of 
regular hopanes was observed by GC-MS analysis (which give rise 
to a characteristic fragment ion at m/z 191), and as a 
demethylated hopanes (characterised by a m/z 177 fragment ion) 
were notably more abundant than other biomarkers (such as 
steranes, which exhibit a characteristic ion at m/z 217), these 
two series are unlikely to result from the presence of 
biomarkers (which are relatively resistant towards 
biodégradation compared with most other components resolved by 
G C ) . They are, however, not apparent in the mass spectrum of
80
the higher temperature TIC maximum (Fig. 22ii(b,c),iii(a,b,c)). 
At higher masses, particularly in the lower temperature TIC 
maximum (Fig. 22 i(a,b), a periodicity can be seen in ion
intensities, with maxima occurring at intervals of 14 amu, 
corresponding to CH 2 units, which is again consistent with an 
alkane mixture. While EI-MS is not able to provide molecular 
weight data, it is apparent that components must be present 
with molecular weights at least up to 550, although gas 
chromatographic behaviour suggests that the UCM does not 
contain significant amounts of components with higher masses.
Molecular weight information was sought by probe CI-MS 
analysis. Initial studies used isobutane as reagent gas, but 
as anticipated for alkanes, significiant fragmentation 
occurred, resulting in similar data to that obtained from probe 
EI-MS analysis, including the periodicity corresponding to CH 2  
units. Fluorobenzene was then used as reagent gas, which is 
ca. 1 0 0 -fold more selective towards aromatic hydrocarbons. 
Again, however, fragmentation patterns were similar to those 
from EI-MS, suggesting either the relative insignificance of 
aromatic structures, or possibly that they are substantially 
bonded to aliphatic moieties.
3.2. Oxidative degradation of UCM components
In addition to some general information gained on bulk UCM 
characteristics by the above mentioned techniques of analysis, 
more specific information was required to elucidate the 
chemical composition of the UCM. The technique of chemical 
oxidation and the subsequent analysis of the products by GC-MS 
appeared to offer a means of obtaining structural information 
on the various units present in the UCM. Such techniques have 
frequently been used to gain structural information on other 
complex mixtures, such as kerogen (e.g. Ishiwatari and 
Machihara, 1982), humic material (e.g. Schnitzer and Skinner, 
1974) and lignin (e.g. Hedges and Ertel, 1982). While such 
studies have concerned polymeric, macromolecular structures, it 
is believed that useful information may be gained from the 
smaller molecules present in the UCM. A chromic acid method 
was chosen (Brooks et a l ., 1975) because of its simplicity and 
previous use in obtaining oxidation products from isoprenoidal 
alkanes.
Gas chromatograms of oxidations at 70°C for 15, 60 and 240 min, 
with the approximate percentages of the remaining UCM at 
the end of each reaction are given in Fig. 23 and Table 7. 
Pyrene and squalane, each at a level of 2 /ig standard/mg total 
hydrocarbons fraction, were added to the oxidation products 
prior to GC analysis. These levels proved too high to allow 
accurate quantification of the remaining UCM, although
82
Pr
UCM = ca. 42^
0
CO
c
o
CL
0
0
A
(b)
UCM = ca. 38^
Pr
UCM = ca. 20%
h
□
200 300
FIG.23; Gas chromatograms of total hydrocarbons fraction 
oxidised by chromic acid at 70*C for (a) 15 min, (b) 60 min, 
and (c) 240 min. 6 , 7, 8 ,... = n-monocarboxylic acids,
7 ’, 8 ', ... = a.OJ-dicarboxylie acids. Standard components:
Sq = squalane, Py = pyrene, and C = chrysene. UCM percent­
ages are relative to 1 0 0 % for the total hydrocarbons frac­
tion.
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quantification o f  ^oxidation products was possible by reference 
to pyrene. Quantification of the remaining UCM was carried out 
by reference to chrysene, added to each sample at a typical 
level of 0.5 /zg/mg after extraction and prior to GC analysis. 
It should be noted that the percentages of the remaining UCMs 
obtained by this method represent only the amount of UCM 
recovered by the extraction with light petroleum spirit, not 
allowing for any minor amount of unrecovered UCM. In order to 
allow for recovery losses upon partitioning between water and 
light petroleum spirit, the oxidations were repeated with the 
addition of standards (squalane and pyrene each at a level of 
2 /ig/mg) to the reaction mixture before extraction with light 
petroleum spirit. Unfortunately, sample contamination led to 
the presence of prominent phthalate plasticisers in the gas 
chromatograms of all reactions, which co-eluted with the 
standards and some oxidation products. However, for further 
work concerning the chemical oxidation of the UCM and its
quantification data, it can be suggested that more accurate 
quantification data may be gained by the use of a carboxylic 
acid, that does not occur among the oxidation products, as
internal standard, added at the extraction stage.
The oxidation products of the 60 min oxidation were analysed by 
GC and combined GC-MS (Fig. 24, Table 8) while the 15 and
240 min oxidations were analysed by GC only. Comparison of 
quantities of the oxidation products of all reactions was 
undertaken from gas chromatogram peak areas. The major
84
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Component No. Identification
1 ^6 n-FA
2 n.d.
3 C? n-FA
4 cyclohexanoic acid
5 '-8 2-Me-FA
5 n.d.
7 Cg benzoic acid
8 Ce methyl cyclohexanoic acid
9 Ce n-FA
10 C 5 diacids
11 Cg 2-Me-FA
12 Gg £-methyl benzoic acid
13 Gs br-FA
14 Gg m-methyl benzoic acid
15
16
C9
Cl 1
£-m e t h y1 
trimethyl
benzoic acid 
cyclohexanoic acid
17 C9 n-FA
18 Gb diacids
19 Gs br-diacids
2 0 G 10 2-Me-FA
21 Gg br-FA
22 n.d.
23 Cg br-acids
24
25
^ 1 0
C 1 2
n-FA
dimethyl
-X-
dicycloalkane
26 G? diacids
27 Cl 1 2-Me-FA
28
^ 1 0
br-FA
29 n.d.
30
31
Cl 1 n-FA
cyclic acid
32 ^ 8
diacids
33 ^12
dimethyl phthalate
TABLE 8 continued...
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Component No. Identification
34 Ci2 2-Me-FA
35 n.d.
35
*^10
phthalate
37 Ci2 n-FA
38
S i br-FA
39
S diacids
40
*^ 13 2-Me-FA
41 ^19 alkane
42 n.d.
43
^13 n-FA
44 Ci2 br-FA
45
^ 1 0
diacids
45
S 4 2-Me-FA
47
^14 n-FA
48
S i diacids
49 S 5 2-Me-FA
50 S 5 n-FA
51 Cl 2 diacids
52 ^15 2-Me-FA / "X"
53 cyclohexyl acid (mix)
54 n-FA
1 5
55
*^ 13 diacids
55 s 5-Me-FA
57
^ 2 0
alkane
58 Ci7 n-FA
59 S 4 diacids
50 n.d.
51 S 5 pyrene
52 C21 alkane
53 n-FA
54 rL2 2 alkane
TABLE 8 continued ...
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Component No. Identification
65
^19 n-FA
6 6 c_n
2 0 n-FA
TABLE 8 : GC-MS analysis of total hydrocarbons fraction
(UCM) oxidised by chromic acid for 60 min at 70°C. 
Component Nos, = Peak Nos. in FIG. 24.
All acids were analysed as full methyl esters.. 
* = tentative
n-FA = normal monocarboxylic acid 
2-Me-FA = 2-methyl-monocarboxylic acid 
br-FA = branched monocarboxylic acid 
diacid = a,o;-dicarboxylic acid 
n.d. = not determined
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oxidation products were n-monocarboxylic acids (characterised 
by m/z 74 McLafferty rearrangement ion in their mass spectra), 
a ,CD -dicarboxylic acids (characterised by m/z 64 rearrangement 
ion in their mass spectra) and benzoic acid and its alkyl 
homologues. Lesser amounts of branched acyclic carboxylic
acids (including 2 -methyl carboxylic acids, characterised by 
m/z 8 8  McLafferty rearrangement ion in their mass spectra), 
cycloalkyl carboxylic acids (including cyclohexyl) and various 
unidentified carboxylic acids were also detected. All acids 
were analysed as methyl esters. It was observed that the 
relative amounts of these compound classes and distribution 
within each class changed with oxidation time. A significant 
increase was noted in the amounts of aliphatic acids (Table 9, 
10 and 11) produced with increasing oxidation time. For 
instance, the total quantities of n-monocarboxylic acids and
a fCO -dicarboxylic acids which were produced during a 60 min 
oxidation period increased from ca. 0.63 /ig/mg (total
hydrocarbons fraction) and ca. 0.16 /ig/mg, respectively, to 
ca. 2.3 /ig/mg and c a . 0.42 /ig/mg, respectively, during a
240 min oxidation period. It should be noted that this
increase can be considered as a minimum value to the actual
increase in the quantities of these compound classes taking 
into account the possibility of incomplete recovery of acids 
during extraction. The increase in the amounts of
a,o)-dicarboxylic acids with increasing oxidation time is 
consistent either with their formation from further 
oxidation of n-monocarboxylic acids or with their
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Component 
Carbon No.
, * _ 2  
/zg/mg xIO
i hr 
‘ oxidation
/ * - 2  /zg/mg xIO
1 hr
oxidation
* - 2  
./zg/mg xIO
4 hr
oxidation
^5 1.37 31.10
Gy 1.60 51.40
Gs 2.59 7.90 46.70
Cg 3.60 1 0 . 0 0 36.00
Gio 3.70 8 . 0 0 23.60
Gil 2 . 2 0 5.53 13.80
Gi2 1.30 3.60 9.72
G i 3 1.70 2.56 6.46
G i4 1 . 0 0 5.26 6.73
G i5 3.10 2.44
G i5 10.70 5.50
G i7 1.67 1.76
Gl 8 1.46 1 . 60
TABLE 9: Amounts of n-monocarboxylic acids produced
during hr, 1 hr and 4 hr oxidations of total hydro­
carbons fraction.
/ig/mg = /ig of components per mg of total hydrocarbons 
fraction obtained by quantifying the n-monocarboxylic 
acids against the internal standard (Py), i.e. PA of 
component/PA of internal standard, where PA = peak area.
A similar method of quantification was used in 
TABLES 10 &11
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Component 
Carbon No.
_ 2
/zg/mg x1 0 "
1 hr 
oxidation
_ 2
/zg/mg xIO 
4 hr 
oxidation
Ge 2.80
Gy 3.40
Ge 2 . 2 0 3.60
Gg 3.26 4.69
Gio 3.48 7.20
Gil 3.10 7 . 8 8
Gi2 2.60
7.36
G i3 1.47
5.05
G # 2.90
TABLE 10: Amounts of n-QjCO-dicarboxylic acids
produced during 1 hr and 4 hr oxidations.
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Component 
Carbon No.
* 2/zg/mg x1G~
1 hr 
oxidation
— 2/zg/mg xIO"
4 hr 
oxidation
^ 8
3.31 4.38
C9 2.18 4.31
^ 1 0
1 .58 2.85
Cl 1 1.47 2.82
C 1 2 1 . 2 1 2.67
^13 1 . 0 0 2.63
^14 1 . 0 0 2.36
^15 2.34
^16 2 . 0 0
TABLE 11: Amounts of 2-methyl-monocarboxylic acids 
produced during 1 hr and 4 hr oxidations.
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formation from species relatively resistant towards oxidation 
(e.g. n-alkyl chains with cyclic systems at each end).
Considering the high degree of cyclicity implied by the results 
in the previous section, the dominance of n-monocarboxylic 
acids in the range C^-C 2 Q and a , (^-dicarboxylic acids in the 
range is, at first sight, quite surprising. The former
are, however, consistent with the presence of alkyl chains with 
a free end attached to cyclic or branched acyclic structures 
that would undergo urea adduction. The diacids may reflect 
alkyl chain bridges between cyclic structures, or may be 
derived predominantly from further oxidation of terminal alkyl 
chains. The possibility of the latter was shown by comparison 
of 60 min and 240 min oxidations of n-eicosane, which 
produced n-monocarboxylic acids in the range ^6~^18
a , CO -dicarboxylic acids in the range Cg-C^^ (Fig. 25). 
C a . 75% of n-eicosane was oxidised over a 60 min period rising 
to ca. 90% after 240 min. Similar oxidation of n-hexadecane 
for 60 min and 240 min (Fig. 26) resulted in n-monocarboxylic 
acids in the range Og-C^^ and a,eo -dicarboxylic acids in the 
range Cy-C^^. The maximum in the distribution of the two 
classes of acids produced by the 240 min oxidation of both 
standard alkanes exhibited a slight shift in the n-alkyl chains 
towards shorter chain lengths compared with the 60 min 
oxidation, i.e. to C^Q for n-monocarboxylic acids from
eicosane, C^q to Cg for a n-monocarboxylic acids from 
n-hexadecane, C ^ 2  for a, c/J-dicarboxylic acids from
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UT^ 4 hr oxidation1 hr oxidation
100 100 -
n-monoqarb- 
oxylic acids
n-monocarb­
oxylic acids 90 -90 -
00 80 -
70 70 -
60 60 —
SO so -
40 -
30 -
20 20 -
10 10 -
16 16 18no. of C12 16 16 10
100 1 0 0 -
a/D-dicarb- 
oxylic acids
a,o)-dicarb- 
oxylic acids
90 90 -
so - 80-
70 70-
60
SO 50-
30 30-
23 -
10 -
10 12 16
FIG.25 : Distribution of n-monocarboxylic acids and cl,c o-
dicarboxylic acids obtained from gas chromatograms of 
eicosane oxidised by chromic acid for 1 hr and 4 hr.
All components were identified by GC-MS analysis as full 
methyl esters. Weight^ of each component shown is 
relative to the most abundant component in each analysis.
94
ur^
100
90-
80- 
70-1 
60- 
50 - 
40-1
30 - 
20 -
10 -H
UTy, 
100 -  
90 -
80 - 
70 - 
60 -
50 - 
60 - 1  
30 - 
20 -  
10 -J
1 hr oxidation
n
n-monocarb­
oxylic acids
6 0 10 12 14 no. of C
a,0 )-dicarb- 
oxylic acids
10 12 16 no. of C
urf 
100 - 
90 .
ao-
73.
60-
50-
40-
30- 
20 - 
10 •
UTJb
100
90
80
70
60
50
60
30
20
10
4 hr oxidation
n-monocarb- 
^  oxylic acids
8 10 12 16 no. of C
QjCO-dicarb- 
oxylic acids
I r I «
10 12 16 no. of C
FIG.26: Distribution of n-monocarboxylic acids and a,co-
dicarboxylic acids obtained from gas chromatograms of 
n-hexadecane oxidised by chromic acid for 1 hr and 4 hr. 
Components of each class were identified by superimposing 
their gas chromatograms with the corresponding gas 
chromatograms of eicosane. Weighty of each component 
shown is relative to the most abundant component in each 
analysis.
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eicosane, and to C^ q for a,o;-dicarboxylic acids from
n-hexadecane. This shift in the maximum of n-monocarboxylic 
acids is consistent with the further fragmentation of the 
terminal n-alkyl chains with prolonged oxidation. 
Additionally, maximum chain lengths of n-monocarboxylic acids 
produced from both oxidation periods of eicosane and 
n-hexadecane was C^g and respectively, i.e. 2  carbon atoms
lesser than n-alkyl chain lengths of both standard compounds. 
Therefore, from these results and the maximum in the 
distribution of the two classes of acids from the standard 
alkanes it is possible to make some deductions about the 
n-alkyl chain lengths present in the UCM. It would appear that 
C^g is the highest number of n-monocarboxylic acids resulting 
from the oxidation of the UCM, which implies that n-alkyl chain 
lengths in the UCM are no longer than ^ 2 0 '  Additionally, and 
as with eicosane and n-hexadecane, where the oxidations 
preferentially occurred in the centre of the n-alkyl chain 
lengths (i.e. Cj^q-C^ 2  ^ 8 “ ^ 1 0  respectively), the maximum in
the distribution of n-monocarboxylic acids from the UCM 
oxidation was around Cg-Cg, implying that the distribution of 
n-alkyl chain lengths in the UCM maximises around C^g.
Considering the amounts of benzoic acid and its methyl 
homologues detected among products of the 60 min UCM oxidation 
it was surprising to find that relatively little oxidation of 
phenyltridecane occurred over a similar period. Benzoic acid 
was detected, but amounted to the oxidation of only c a . 2 0 % of
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phenyltridecane, , and n-monocarboxylic acids were not
identified. A 240 min oxidation of phenyltridecane produced a 
noticeable rise in the amount of benzoic acid with a very minor 
amount of n-monocarboxylic acids being observed in the range 
Gg-Cis. further surprise was the apparent complete lack of
oxidation of squalane in a 60 min period, when the conditions 
employed had previously been used to oxidise isoprenoidal 
alkanes, although yields of only 10-15% were reported for 
farnesane (Brooks et a l ., 1975). Oxidation of squalene for 
240 min resulted in very little products, which unfortunately 
were not identified by GC-MS. Isoprenoidal acids were not 
positively identified in the UCM oxidations, and if they were 
present they were only very minor components. This either 
reflects a minor contribution of isoprenoidal structures to the 
UCM or very little oxidation of such structures occurred even 
if they were significant structural units.
The lack of substantial amounts of cyclohexyl acids among 
oxidation products probably reflects ready oxidative ring 
cleavage, which would be anticipated to yield components such 
as branched di-acids and perhaps poly-acids, where attached 
alkyl chains and other cyclic structures have been oxidatively 
cleaved. Some evidence for such structures was obtained from 
the mass spectra of the minor oxidation products. If 
cyclohexyl structures were relatively resistant towards 
oxidative ring opening, then significant quantities of 
compounds in the C^ region of the gas chromatogram would be
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anticipated, and despite the fact that components lower than 
were not analysed by the gas chromatographic method employed, 
there was no evidence for the preferential retention of mono- 
and di-cyclic 6 -membered ring systems with the oxidative 
cleavage of acyclic alkyl substituents. Therefore, further 
examination was carried out by the oxidation of 
9-dodecylperhydroanthracene for a period of 240 rain. The gas 
chromatogram of the reaction products showed only two prominent 
peaks amounting to the oxidation of ca. 2 0 % of the starting 
material. They were identified as carboxylic acid and
perhydroanthracene-9-carboxylic acid. No other products were 
detected, although the formation of di-acids and possibly poly­
acids for the C ^ 3  chain might have been anticipated from the 
behaviour of eicosane. This may reflect the resistance of 
higher cyclic structures towards oxidative ring cleavage.
More recently Barakat and Yen (1988) applied a method of 
stepwise oxidation of kerogen from the Monterey shale (Santa 
Maria Basin) by chromic acid. The oxidation method consisted 
of four steps. The temperature was maintained at 20°C for the 
first step and adjusted to 40°C for the three remaining steps 
of 20 hr duration, accompanied by stirring. The oxidation 
products of each step (Table 1, Fig. 6 ) which were analysed by 
GC-MS revealed a similar distribution of compound classes to 
those recorded in the present study of the UCM. For instance, 
the formation of n-monocarboxylic acids was accounted for by 
the oxidative cleavage of n-alkyl moitiés bonded to the kerogen
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structure at one^ end of the chains, and the production of 
n- a, 0) -dicarboxylic acids was explained by the diterminal 
oxidation cleavage of polymethylene chains within the kerogen. 
The large increase in the concentrations of a, cn-diacids with 
increasing oxidation was ascribed to the highly cross-linked 
polymethylene chains presented in the kerogen nucleus. Unlike 
the UCM study, isoprenoidal acids were detected among the major 
oxidation products of the kerogen providing evidence that these 
acids were bonded to the kerogen matrix, and implying the 
incorporation of phytol or some of its derivatives during the 
sedimentation process. Minor amounts of aromatic, branched 
monocarboxylic acids and cyclic dicarboxylic acids were 
reported. From these results a model was proposed for the 
kerogen structure in which the kerogen nucleus is mainly 
composed of polymethylene cross-linked aliphatic structures, to 
which are attached at one end n-alkyl and isoprenoid chains, 
and minor amounts of branched, saturated hydrocarbons. Also 
subordinate structures of phenyl and tolyl groups, as well as 
cyclic/heterocyclic structures were reported. From these 
results a comparison can be made with the obtained results from 
the chemical oxidation of the UCM in this study. The maximum 
n-alkyl chain lengths of ca. are inferred by the
n-monocarboxylic acids and a, cû -dicarboxylic acids detected 
among the kerogen oxidation products. These are notably longer 
than the corresponding structures inferred for the UCM. As the 
Monterey kerogen sample is immature but the UCM derived from a 
mature source then this difference in n-alkyl chain lengths is
99
mature source then this difference in n-alkyl chain lengths is' 
not necessarily unexpected. The lack of substantial amounts of 
cyclic mono- and di-carboxylic acids is consistent with the 
obtained results from the oxidation of the UCM and 9-dodecyl­
perhydroanthracene. The detection of the minor amounts of 
cyclic diacids in the range &mong the oxidation
products of the kerogen may either reflect the minor 
contribution of di- and tri-cyclic with the attachment of more 
than one n-alkyl chains to the kerogen or very little oxidation 
of such compounds occurred under the mild conditions employed 
even if they were significant structural units.
Ambles et a l . (1985) have recorded similar distributions of
compound classes from alkaline permanganate oxidation of Green 
River shale kerogen to those observed in this study. The 
absence of significant quantities of dicarboxylic acids up to 
C^, dicarboxylic acids of higher molecular weight involving 
saturated cyclic/heterocyclic structures and acyclic alkyl 
polycyclic acids, was cited to show the absence of 
predominantly cyclic compounds. This conclusion may not 
necessarily be correct, as although a high degree of cyclicity 
was inferred among UCM components in this study, only minor 
amounts of oxidation products ascribable to such structures 
were observed. This is probably due to facile oxidative ring 
cleavage, the products of which may be too volatile to be 
amenable to the GC analyses method employed.
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4. CONCLUSION ,
Spectroscopic/spectrometric techniques [FT-IR, FT-NMR (^H and 
^^C), UV, EI-MS and CI-MS] showed the predominance of
aliphatic structures in the UCM. For instance, probe EI-MS 
studies of the UCM showed characteristic fragment ions 
associated with mono-, di-, tri- and tetra-cyclic structures. 
A periodicity in the ion intensities was also noted in the 
mass spectra, with maxima occurring at intervals of 14 amu, 
which is consistent with successive CH 2 loss from
predominantly alkane structures. Molecular ion information 
was not obtained by El or Cl (using isobutane reagent gas) 
mass spectrometry, although masses up to the limit scanned 
under El-MS (550 amu) were visible. This indicates that 
components with molecular weights at least up to 550 amu must 
be present in the UCM, although the relative intensities of
these high masses ions were very low. Cl-MS analysis using
fluorobenzene as reagent gas, which is more selective towards 
aromatic compounds, suggested the relative insignificance of 
such compounds and possibly that they are substantially bonded 
to aliphatic moitiés.
In contrast to the above, TLC analysis suggested a ca. 50:50 
mixture of aliphatic and aromatic components. It would appear 
that such chromatographic methods may not provide an accurate 
separation of aliphatic and aromatic compounds in the UCM. It 
can be concluded from this study that monitoring the UCM to
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recognise petrogenic contamination in sediments is best 
undertaken on total hydrocarbon fractions to avoid variable 
quantitative results depending upon the exact conditions of 
aliphatic/aromatic fractionation employed (Killops, 1986). In 
addition, the appearance of multiple maxima in the UCM from 
environmental samples has been cited to reflect multiple 
sources of petrogenic contamination (Thompson and Eglinton, 
1978). Biodegraded crude oils may exhibit more than one 
maximum in the gas chromatograms of their UC M s , as found in 
this study, and so caution should be exercised in attributing 
multiple petrogenic contamination sources to such observations 
in environmental samples.
Ca. 50 i 25% of UCM components were adducted by urea implying 
that the adducted components presumably comprise 
branched/cyclic systems with n-alkyl chain attached that can 
become adducted in urea lattice. This is quite surprising in 
view that such chains, which may only be bonded to cyclic 
structures at one end if they are to undergo urea adduction, 
would be anticipated to be removed during biodégradation. 
With thiourea adduction the UCM appeared to be chiefly 
confined to the thiourea adduct (ca. 65%), suggesting that 
cyclic structures are mostly restricted to tetracyclic or 
smaller.
Elemental analyses suggested an averaged empirical formula of 
C^Hy, implying that cyclic structures such as dicyclics and
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tricyclics are important constituents of the UCM. When the 
acyclic alkyl chains are taken into consideration, it is 
probable that tetra- and penta-cyclic systems occur in the 
UCM.
Chemical oxidation gave further evidence of aliphatic 
structures in the UCM. The major compound classes among the 
products were aliphatic, with only a minor proportion of 
aromatic compounds. The predominant products were
n-monocarboxylic acids, suggesting the presence of n-alkyl 
chains in the UCM with a maximum length of C 2 0  attached to 
branched or, cyclic systems. The structural similarities 
between the oxidation products of the UCM and those of kerogen 
reported by Barakat and Yen (1988) and Ambles et a l . (1985)
appear to . reflect that the UCM components originate from 
kerogen in a similar way to the bitumen components such as 
alkanes and alkylbenzenes.
With further work on the UCM, sequential oxidation using 
chromic acid [as used by Barakat and Yen (1988) in their 
kerogen work] may be usefully applied, if some complications 
can be overcome. These complications arise in that the UCM 
and the oxidation products are both soluble in organic 
solvents, and so isolation of the UCM may well result in some 
UCM losses and the concentration of impurities in solvent 
during isolation, whereas unreacted kerogen is insoluble and 
so its isolation does not suffer from these problems.
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